ABSTRACT: Forty-eight individually fed crossbred steers (British and British × Continental; BW = 296 ± 16.7 kg) were used to evaluate effects of different growing diets on changes in accretion of intramuscular (IMF) and subcutaneous (SCF) adipose tissues, insulin sensitivity, and carcass traits. Dietary treatments were AL-LC (a low-corn diet fed to allow cattle ad libitum access to feed), AL-HC (a high-corn diet fed to allow cattle ad libitum access to feed), LF-HC (a limit fed high-corn diet with the energy intake equal to that provided by AL-LC), and AL-IC (a diet with approximately the midpoint daily energy intake between AL-LC and AL-HC). Steers received treatments until d 56, after which all groups were fed AL-HC until d 140. Real-time ultrasound and BW measurements were taken every 28 d, and 3 glucose tolerance tests (GTT) were conducted on d 0, 28, and 56 of the growing period to assess insulin sensitivity. Based on ultrasound IMF and SCF readings during the growing phase, AL-HC and AL-IC increased accretion of IMF (P = 0.01), and AL-LC and LF-HC diets resulted in less accretion of SCF (P < 0.01) compared with other treatments. During the finishing period, accretion of IMF (P = 0.13) and SCF (P = 0.81) did not differ among treatments, which diluted differences in overall (d 0 to 140) accretion of IMF (P = 0.28) and SCF (P = 0.52), such that final real-time ultrasound measures of IMF and SCF did not differ (P ≥ 0.36) among treatments. Actual carcass marbling scores, however, were greater for the AL-HC and AL-IC treatments (P = 0.02), and 12th-rib fat thickness tended (P = 0.08) to be greater for AL-HC and AL-IC groups. Based on incremental area under the curve and area over the curve as indicators of insulin release and glucose uptake, respectively, no differences (P ≥ 0.10) in insulin sensitivity were observed among treatments. Our results suggest that high-corn diets increase growing phase accretion of IMF and SCF; however, these differences were not related to differences in glucose and insulin kinetics.
INTRODUCTION
Marbling is the intramuscular adipose tissue (IMF) between muscle fiber bundles within muscles, and the amount of marbling influenced the economic value of beef carcasses (Harper and Pethick, 2004) . Bruns et al. (2004) observed that IMF started developing early in the life of the animal. Glucose provided 50 to 75% of the acetyl units for lipogenesis of IMF and only 1 to 10% for the subcutaneous fat (SCF; Smith and Crouse, 1984) . Conversely, acetate provided 70 to 80% of the acetyl units for lipogenesis in the SCF, but only 10 to 25% in the IMF (Smith and Crouse, 1984) . Gluconeogenesis is the principal route of glucose supply in ruminants, and propionate is quantitatively the most important source of carbon for gluconeogenesis (Huntington, 1997) .
Growing animals fed high-starch diets have greater ruminal production of propionate, a glucose precursor (Huntington, 1997) . Increased glucose stimulates insulin secretion, which might be a key component in triggering IMF development in growing cattle (Bines and Hart, 1984; Schoonmaker et al., 2003) . Schoonmaker et al. (2003) reported that increased insulin concen-trations may increase uptake of glucose by peripheral tissues in growing steers. In contrast to high-starch diets, growing systems based on high-forage diets would result in a greater production of acetate in the rumen (Preston, 1982) . Ketone bodies, resulting from acetate loading when there is a shortage of glucose, could also be used as an energy source by the peripheral metabolism (Huntington, 1997) , and they might inhibit glucose utilization through impaired protein kinase B activation (Tardif et al., 2001) or altered insulin signaling (Dresner et al., 1999) , thereby increasing insulin resistance.
Our objectives were to evaluate the effects of growing diets with different sources and intakes of dietary energy on IMF and SCF deposition, insulin sensitivity, performance, and carcass characteristics of feedlot cattle.
MATERIALS AND METHODS
This study was conducted at the Texas AgriLife Research and Extension Center/USDA-ARS Conservation and Production Laboratory, Bushland, TX. All aspects of the care, handling, and sampling of cattle were approved by the Cooperative, Research, Education, and Extension Triangle Animal Care and Use Committee.
Forty-eight crossbred steers (British and British × Continental breeding) were purchased from a commercial order buyer and used in a grazing trial during the summer and fall of 2004 at the Bush Research Farm, Bushland, TX. After grazing, steers were transported to the Texas AgriLife Research and Extension Center/USDA-ARS Experimental Feedlot in Bushland, weighed (average initial BW = 296 ± 16.7 kg), and trained during a 2-wk period to consume their daily feed from individual feeders (American Calan, Northwood, NH), while fed a high-roughage diet. Steers were implanted with Synovex-S (20 mg of estradiol benzoate and 200 mg of progesterone; Fort Dodge Animal Health, Overland Park, KS) and assigned to 1 of 6 pens and 4 dietary treatments in a completely randomized design. Each treatment was represented equally in each of the 6 pens.
During a 56-d growing period, steers received 1 of the following dietary treatments: AL-LC (a low-corn diet fed to allow cattle ad libitum access to feed); AL-HC (a high-corn diet fed to allow cattle ad libitum access to feed); LF-HC (a limit fed high-corn diet with the same intake of energy provided by AL-LC); and AL-IC (a diet with approximately the midpoint daily energy intake between AL-LC and AL-HC). Composition of the diets is shown in Table 1 . The high-corn treatment diets (AL-HC and LF-HC) contained approximately 80% steam-flaked corn and 7% roughage (DM basis), whereas the AL-LC diet contained approximately 50% wheat middlings and 36% cottonseed hulls during the first 28 d. Because of a greater than expected CP concentration in wheat middlings for the subsequent 28 d, the percentage of wheat middlings in the AL-LC diet was decreased to 25%, with the percentage of cottonseed hulls increased to 61%. The AL-IC dietary treatment was a diet containing approximately one-half the amount of corn and cottonseed hulls present in AL-HC and AL-LC, respectively.
On d 57, all animals (average BW = 401 ± 31.9 kg) were fed the same high-corn diet (i.e., the AL-HC diet) for finishing. During the 140-d experimental period, steers were weighed and ultrasonically scanned between the 12th and 13th ribs at approximately 28-d intervals. Real-time ultrasound (RTU) measurement of IMF and SCF were obtained using a linear array ultrasound instrument (SSD-500V, Aloka Co., Wallingford, CT) by a noncertified technician. Rather than being sent to a laboratory for analyses, images were analyzed on-site. Equipment readings for SCF were given in millimeters. The scale used for IMF data analyses was provided with the RTU instrument, and is similar to the USDA marbling scores [3 (300 = slight); 4 (400 = small); 5 (500 = modest)]. Differences between subsequent RTU readings on individual animals were used to calculate rates of accretion of IMF and SCF during the 140-d period.
During both the growing and finishing phases, steers were individually fed once daily at 0800 h. Orts were collected and weighed at 7-d intervals. Feed samples were analyzed by a commercial laboratory (Dairy One Forage Lab, Ithaca, NY) for the following components: DM; CP (Kjeldahl; AOAC, 1990); ADF and NDF (Ankom 200 Fiber Analyzer; Ankom Co., Fairport, NY); and Ca and P (Iris ICP atomic emission spectrophotometer; Thermo Jarrell Ash Corp., Franklin, MA). All steers were slaughtered on d 140 (average BW = 569.3 ± 36.2 kg) at a local commercial packing plant. One animal in the AL-LC treatment group died during the experiment (cause of death was not determined). Carcass characteristics (marbling score, 12th-rib fat thickness, LM area, KPH, and calculated yield grade) were determined by the West Texas A&M University Cattlemen's Carcass Data Service (Canyon, TX).
Glucose Tolerance Test
On d 0 (beginning of the growing period), 28, and 56 (end of the growing period), a glucose tolerance test (GTT) was conducted with one-half (n = 24) of the steers in each treatment group. In all GTT, steers were initially fitted with an indwelling jugular cannula. At each GTT sampling day, the 24 steers were sorted randomly into 3 groups during the day, with 1 group at a time placed in the working area for sample collection. After the cannula was inserted, an initial blood sample (approximately 10 mL) was collected to provide insulin and glucose baseline values for each animal. Steers were then infused with 0.5 mL/kg of BW of a 50% (wt/vol) dextrose solution within 2 min. Blood samples were withdrawn via the cannula at 0, 2. 5, 5, 10, 15, 25, 35, 45 , and 55 min after infusion, collected in 7-mL tubes containing 17.5 mg of sodium fluoride and 14.0 mg of potassium oxalate (Monoject, Sherwood Medical, St. Louis, MO), placed on ice for 2 h, and then centrifuged at 1,500 × g for 20 min at 4°C. Serum was decanted and stored at −20°C until analyzed for glucose and insulin.
Insulin was measured by an independent lab using a kit (Diagnostic Products Corp., Los Angeles, CA; D. M. Hallford, New Mexico State University, Las Cruces), and glucose was measured with a modified version of a commercial kit (Stanbio Laboratories, San Antonio, TX). Glucose disappearance rate was calculated by the regression of natural log-transformed glucose concentrations over time. The slope of this regression model represents the fractional disappearance rate of glucose [k, mol/(L min)]. The glucose plasma half-life (T1/2, min) was calculated by dividing the fractional rate, k, by 0.693. The incremental area under the curve (AUC) for insulin and the area over the curve (AOC) for glucose were measured as indicators of total insulin release and glucose uptake. Areas over and under the curve of glucose and insulin were determined using a trapezoidal summation method (Kaneko, 1989) .
Statistical Analyses
Data were analyzed as a completely randomized design using the MIXED procedure (SAS Inst. Inc., Cary, NC), with steer as the experimental unit. For the animal production phases of the study, response variables were ADG, DMI, G:F, accretion of IMF and SCF, and carcass characteristics, with treatment as the fixed effect in the model and steer nested within treatment as the error term. For each treatment, least squares means were computed, and pairwise comparisons were conducted when the treatment F-test was significant at P < 0.05. Responses from the GTT were modeled using the MIXED procedure of SAS for repeated measures. Treatment, GTT (d 0, 28, or 56) and interactions were included as fixed effects, with GTT measurements repeated in time. Steer was included as a random effect, and an auto-regressive (lag = 1) covariance structure was used. No interactions were observed (P > 0.05) be- AL-LC (a low-corn diet fed to allow ad libitum access to feed), AL-HC (a high-corn diet fed to allow ad libitum access to feed), LF-HC (a limited fed high-corn diet designed to provide the same intake of energy provided by AL-LC), and AL-IC (a diet with approximately the midpoint daily energy intake between AL-LC and AL-HC). Composed (DM basis) of 5.44% Ca, 0.20% P, 4.43% NaCl, 0.51% Mg, 3.94% K, 0.29% S, 1.83% Na, 827 mg/kg of Mn, 1,286 mg/kg of Zn, 633 mg/kg of Fe, 135 mg/kg of Cu, 0.17 mg/kg of Se, 2.68 mg/kg of Co, 13.64 mg/kg of I, 18,651 IU of vitamin A/kg and 110 IU of vitamin E/kg. All diets contained monensin (30 mg/kg) and tylosin (11 mg/kg).
tween GTT sampling days and treatments. Therefore, data for d 0, 28, or 56 were pooled and reanalyzed. Results were considered significant if P < 0.05, with tendencies identified when the significance was between 0.05 and 0.10.
RESULTS AND DISCUSSION
The terms growing phase or growing period for beef cattle typically refer the period between weaning and finishing in a feedlot (Sainz et al., 1995) . In order that cattle reach a desired carcass weight at slaughter, the beef industry uses this period to achieve particular BW before animals begin the finishing period (Sainz et al., 1995) . As noted previously, in the present study, steers were fed growing diets for 56 d and then were fed a high-corn diet until slaughter.
Diets were designed to contain 13% CP, but from d 0 to 56, the concentrations of energy and protein in AL-LC and AL-IC diets deviated from formulated values ( Table 1) . The reason for these differences in diet composition is likely because of the greater than expected CP concentration in the wheat middlings. Although the amount of wheat middlings in the low-corn experimental diet was decreased from 50 to 25% (DM basis) on d 29 to 56, the chemical composition still did not match formulated values, providing more than the required CP (Table 1) .
Overall performance data from the growing period are presented in Table 2 . Steers in the AL-HC and AL-IC treatments had greater growing period (P < 0.01) ADG than those in AL-LC and LF-HC treatments. By design, LF-HC resulted in a decreased DMI (P < 0.01) during the growing phase than for the other treatments. The ADG during the feedlot phase did not differ among treatments; thus, no compensatory ADG was observed during the feedlot phase, which contradicts data showing effects of nutrient restriction on subsequent performance of beef cattle (Carstens et al., 1991) . Nonetheless, the ADG was slightly greater by the steers in the AL-LC and LF-HC groups, and the G:F was greater for these 2 treatments (P = 0.01) compared with the AL-HC and AL-IC treatments, suggesting a compensatory improvement in G:F.
Accretion of IMF and SCF during the growing period is presented in Table 3 . Readings of IMF were less for steers in the LF-HC and AL-LC treatments at the end of the growing phase (d 56; P = 0.03) than for those in the other 2 treatments. Accretion of IMF and SCF during the finishing period is shown in Table 4 . On d 83, steers previously fed AL-LC still had decreased IMF and SCF (P ≤ 0.04) compared with the other treatments, whereas steers fed LF-HC did not differ from those fed AL-HC and AL-IC (Table 4) . On d 113, SCF was least with AL-LC, intermediate with LF-HC, and greatest with AL-IC and AL-HC (P = 0.03). No differences (P = 0.46) for SCF were observed on d 140. The accretion of IMF (P = 0.13) and SCF (P = 0.81) during finishing did not differ among treatments, which diluted differences in overall (d 0 to 140) rates of IMF (P = 0.28) and SCF (P = 0.52) accretion. Thus, the Within a row, means without a common superscript letter differ, P < 0.05.
1
During the 56-d growing period, steers (n = 48) received one of the following dietary treatments: AL-LC (n = 12; a low-corn diet fed to allow ad libitum access to feed); AL-HC (n = 12; a high-corn diet fed to allow ad libitum access to feed), LF-HC (n = 12; a limit fed high-corn diet with the same amount of energy provided by AL-LC), and AL-IC (n = 12; a diet with approximately the midpoint daily energy intake between AL-LC and AL-HC).
final RTU readings of IMF and SCF did not differ (P ≥ 0.36) among treatments. In contrast to overall IMF and SCF values, carcass marbling scores were greatest for AL-HC and AL-IC (P = 0.02; Table 5 ). The 12th-rib fat thickness tended (P = 0.08) to be greater for AL-HC, LF-HC, and AL-IC groups compared with the AL-LC. Steers that were limit fed during the growing period (LF-HC) did not reach the same final BW as animals in the other treatments, being lighter (P = 0.01) at slaughter than cattle in the other 3 treat- Within a row, means without a common superscript letter differ, P < 0.05.
During the 56 d, steers (n = 48) received one of the following dietary treatments: AL-LC (n = 12; a low-corn diet fed to allow ad libitum access to feed); AL-HC (n = 12; a high-corn diet fed to allow ad libitum access to feed), LF-HC (n = 12; a limit fed high-corn diet with the same intake of energy provided by AL-LC), and AL-IC (n = 12; a diet with approximately the midpoint daily energy intake between AL-LC and AL-HC). The scale used for intramuscular adipose tissue (IMF) data analyses was similar to the USDA marbling score [3 (300 = slight); 4 (400 = small); 5 (500 = modest)]. Equipment readings for subcutaneous fat (SCF) were given in millimeters. The change in IMF and SCF readings refers to the difference between readings in each period. Within a row, means without a common superscript letter differ, P < 0.05.
During the 56 d, steers (n = 48) received one of the following dietary treatments: AL-LC (n = 12; a low-corn diet fed to allow ad libitum access to feed); AL-HC (n = 12; a high-corn diet fed to allow ad libitum access to feed), LF-HC (n = 12; a limit fed high-corn diet with the same intake of energy provided by AL-LC), and AL-IC (n = 12; a diet with approximately the midpoint daily energy intake between AL-LC and AL-HC). During the finishing period, all cattle were fed the AL-HC dietary treatment. The scale used for intramuscular adipose tissue (IMF) data analyses was similar to the USDA marbling score [3 (300 = slight); 4 (400 = small); 5 (500 = modest)]. Equipment readings for subcutaneous fat (SCF) were given in millimeters. The change in IMF and SCF readings refers to the difference between readings in each period. ments. Likewise, the LF-HC steers had a decreased (P = 0.01) HCW compared with steers from the other 3 treatments. Steers fed the AL-HC diet had the greatest USDA yield grade (P = 0.03). No differences among treatments were observed for dressing percent (P = 0.64), LM area (P = 0.25), and KPH (P = 0.42).
The high-corn diets increased growing phase accretion of IMF and SCF regardless of level of energy consumption. Steers that consumed more corn throughout both growing and finishing phases achieved greater carcass fatness, although these responses were not clear when evaluated with interim ultrasound measurements. Although carcass marbling data were highly correlated to RTU values (r = 0.597; P < 0.01), no differences in RTU readings among treatments were observed on d 140 (P ≥ 0.36). In contrast, differences among treatments in marbling scores (P = 0.02) and 12th-rib fat thickness (P = 0.08) were noted in the measured carcass data.
With a greater production of propionate, insulin is most likely responsible for the efficient peripheral utilization of glucose and other nutrients in ruminants (Abdul-Razzaq and Rickerstaffe, 1989; Lindmark, 2004) . Rhoades et al. (2007) observed that high-starch diets enhanced glucose availability and uptake as well as IMF fatty acid synthesis, whereas animals fed high-forage diets have decreased glucose availability without changes in acetate incorporation into fatty acids. Therefore, we expected that growing animals fed AL-HC and AL-IC would be able to use glucose as a major source of acetyl units for lipogenesis in the IMF.
As noted previously, 3 GTT were conducted to assess the insulin sensitivity of the steers in this study. Glucose disposal and tissue responsiveness to insulin were calculated with plasma insulin and glucose concentrations. The GTT is a common test used in humans to assess insulin resistance (Sternbauer, 2005) . Insulin resistance is related to a decreased response to serum insulin by insulin-sensitive cells , and it exists when normal concentrations of insulin produce a less than normal response. Insulin resistance can be the result of inefficient signaling at the cell surface or consequence of a disruption of insulin signaling within the cell .
No differences were detected among treatments in baseline glucose (P = 0.64), peak glucose (P = 0.47), glucose peak time (P = 0.58), glucose half-life (P = 0.73), glucose AOC (P = 0.81), baseline insulin (P = 0.10), peak insulin (P = 0.69), insulin peak time (P = 0.47), insulin half-life (P = 0.46), and insulin AUC (P = 0.91). The ratio of AOC (glucose) to AUC (insulin; AOC g /AUC i ) was calculated as a means of expressing units of glucose utilized per unit of insulin secreted. In the present study, no differences were observed in the AOC g /AUC i ratio of animals (P = 0.75; Table 6 ). The overall lack of differences in glucose and insulin kinetics suggests that there was no effect of these dietary treatments on insulin sensitivity.
It would be expected that the adaptation to a highglycemic diet of steers in the high-corn treatments would result in decreased insulin resistance. Insulin resistance is a normal response to a decrease on energy availability or increased energy demand (Brand-Miller and Colagiuri, 1999) . Young animals require energy for growth, and steers fed AL-LC were possibly using acetate as a source of energy. Changes in IMF and ADG were greater for AL-HC and AL-IC when compared with other treatments during the growing period. The AOC g /AUC i for AL-HC and AL-IC on d 56, however, did not differ significantly from the other treatments, which might have been caused by the difference in BW for these treatments. The increased marbling scores observed in these treatments could be an economic advantage to producers; however, based on GTT data from the present study, it is not possible to conclude that increased marbling for steers fed AL-IC and AL-HC relative to steers in the AL-LC group was related to increased insulin sensitivity. Within a row, means without a common superscript letter differ, P < 0.05. 1 During the 56 d, steers (n = 48) received one of the following dietary treatments: AL-LC (n = 12; a low-corn diet fed to allow ad libitum access to feed); AL-HC (n = 12; a high-corn diet fed to allow ad libitum access to feed), LF-HC (n = 12; a limit fed high-corn diet with the same intake of energy provided by AL-LC), and AL-IC (n = 12; a diet with approximately the midpoint daily energy intake between AL-LC and AL-HC). During the finishing period, all cattle were fed the AL-HC dietary treatment.
2 Probability value for the F-test for the treatment effect. 3 Marbling score: 300 = slight, 400 = small; 500 = modest.
Several factors might have been responsible for the lack of response in terms of insulin and glucose dynamics after the 56-d growing period. Lopez et al. (2001) fed different concentrations of protein (12, 14, 16, or 18% CP) to growing heifers and found that insulin concentrations were greatest for heifers fed 16% CP, whereas glucose concentrations were greatest in heifers consuming the 18% CP diet. Therefore, high CP concentrations, similar to those observed in our AL-LC diet, might have led to increased blood insulin and glucose concentrations. Animals in the AL-LC treatment might have had sufficient substrates for gluconeogenesis from the CP that was fed, which might have stabilized insulin sensitivity. Thus, the development of insulin resistance as a result of ketone body accumulation that occurs in animals fed high-fiber diets might not have occurred. It also is plausible that 56 d might have been an inadequate time on the growing diets to demonstrate changes in glucose and insulin dynamics. Schoonmaker et al. (2003) found concentrations of insulin approximately 50% greater for a high-corn diet compared with diets similar to AL-LC and AL-IC in the present study with cattle at 181 d of age after being fed for 62 d. Responses in insulin likely vary with age, body composition, nutritional status, and productive state of the animal (Huntington and Richards, 2005) , which complicates measurement of treatment effects. During the 56 d, steers (n = 48) received one of the following dietary treatments: AL-LC (n = 12; a low-corn diet fed to allow ad libitum access to feed); AL-HC (n = 12; a high-corn diet fed to allow ad libitum access to feed), LF-HC (n = 12; a limit fed high-corn diet with the same amount of energy provided by AL-LC), and AL-IC (n = 12; a diet with approximately the midpoint daily energy intake between AL-LC and AL-HC). During the finishing period, all cattle were fed the AL-HC dietary treatment.
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